Abstract. Epidermal growth factor receptor (EGFR) is a major oncogenic driver in glioblastoma (GBM) without mutations in the isocitrate dehydrogenase gene (IDH-wildtype). Heat shock protein 90 (HSP90) is a regulator of the stability of oncogenic proteins including EGFR, thereby acting as a molecular chaperone. We investigated the expression of EGFR and its chaperone HSP90 in GBM, IDH-wildtype. Tissue availability permitted analysis of 237/449 consecutive GBM cases, among them 214 IDH-wildtype (90.3%). The expression of EGFR and HSP90 was analysed by immunohistochemistry on a tissue microarray containing various tumour regions. The expression intensity (EI), and an expression score (ES) combining the percentage of stained cells with EI were determined for both markers. Overall, there was a positive correlation between EGFR and HSP90 expression (EI; r=0.275, P<0.001; ES, r=0.333, P<0.001). The expression of EGFR and HSP90 was significantly higher in the tumour centre, compared to the infiltration front (EI, P=0.002; ES, P<0.001). Survival data were available in 96 IDH-wildtype cases, and high expression of EGFR (ES only) was in trend associated with better outcome, but failed to meet statyistical significance (P=0.061). 
Introduction
Glioblastoma (GBM) is the most common primary malignant brain tumour, and one of the most aggressive neoplasms, considered incurable, and classified as grade IV by the World Health Organization (WHO) (1) . Despite current standard multimodal therapy concepts (excision, radiation and chemotherapy) 1-year survival reaches 37.2% and 5-year survival only 5.1% in unselected GBM patients across all age groups (2) . Incidence of GBM increases with age, paralleled by increasingly worse prognosis (2) .
In the WHO classification 2016, which for the first time also incorporates molecular parameters for tumour typing, GBM harbouring mutations in the isocitrate dehydrogenase gene (IDH) and those without (GBM, IDH-wildtype) are perceived as two very different disease entities, differing in molecular alterations, precursor cells and prognosis (1, 3, 4) . IDH-wildtype GBM is synonymous to primary GBM, arising de novo predominantly in the older age group, and having a worse prognosis. One of the hallmark alterations of this predominant GBM-subtype (comprising ~90%) are high-level gene amplifications of certain proto-oncogenes most commonly the epidermal growth factor receptor (EGFR) gene. This results in EGFR overexpression, and as a late event, constituitively activating mutations, mainly the variant III (vIII) deletion (3) . IDH-mutant (secondary) GBMs arise from lower grade gliomas, affect younger patients, and have a comparably longer survival (1, 4, 5) . Most of the IDH point mutations in GBM affect the amino acid arginine at position 132 (R132H-IDH1), and can be visualized using immunohistochemical staining (IHC) (6) . In case of negative IHC, sequencing should be applied in patients younger than 54 years of age in order to safely exclude IDH-mutant GBM (1) .
Treatment options for GBM are limited. Complete resection is virtually impossible due to its highly infiltrative growth. Resistance to chemotherapy and radiation result in the inevitable treatment failure. Targeted therapies may Low co-expression of epidermal growth factor receptor and its chaperone heat shock protein 90 is associated with worse prognosis in primary glioblastoma, IDH-wild-type permit individualized treatment of different molecular GBM-subtypes. Exploiting molecular alterations for targeted therapeutic approaches has proved successful in other malignant neoplasms, e.g. anti-EGFR tyrosine kinase inhibitors (TkI) in EGFR-dependent non-small cell lung cancer (7) .
EGFR displays its oncogenic potential also in GBM (8, 9) . By dysregulation, amplification or mutation, EGFR acts as an activator of signalling pathways, stimulating cell proliferation, anti-apoptosis, angiogenesis, invasion and metastasis (8, 10) . Despite this rationale, clinical studies using TkI against EGFR have shown insufficient efficacy to date (11) . Multitarget approaches may be needed.
Heat shock proteins (HSPs) are highly conserved molecular chaperones, i.e. molecules enabling proper folding and stabilization of their client proteins (12) . HSPs belong to the cellular stress response machinery e.g. to heat shock, hence the name, and are categorized by approximate molecular weights. By stabilizing and maturating oncogenic proteins, HSPs contribute to tumour invasiveness, angiogenesis and metastasis, making them putative therapeutic targets (12, 13) . EGFR and many molecules of the downstream Akt/PI3k and MAPk pathways are important client proteins of HSP90. In the last years, targeting HSP90 has emerged as possible anticancer therapy, alone or in combination with other drugs or radiotherapy (12, 14, 15) .
Therefore, in the present study, we aimed to assess the co-expression patterns and any prognostic significance of EGFR and its chaperone HSP90 in the subgroup of GBM, IDH-wildtype.
Materials and methods
Patient cohort. The initial study cohort comprised all consecutive patients diagnosed with GBM at the Institute of Pathology, university of Bern, Switzerland, between 2000 and 2012 (16) . All biopsies and resections were performed in the Department of Neurosurgery, Inselspital, university Hospital Bern, Switzerland. The clinicopathological data were collected from pathology reports and a clinical database (Swiss Glioma Network). This retrospective study was conducted according to the REMARk guidelines (17, 18) , and was approved by the Cantonal Ethics Commission of the Canton of Bern (kEk 200/14), which waived the requirement for written informed consent.
In total, we identified 449 patients with GBM in our database. In 237 cases, sufficient formalin fixed and paraffin-embedded (FFPE) tissue was available for construction of a tissue microarray (TMA). Material availability was assessed on hematoxylin and eosin stained slides and the corresponding paraffin blocks. Thus, material originating from stereotactic biopsies was insufficient for inclusion. To avoid confounding factors of immunohistochemical analysis, tissue that had been frozen for intraoperative assessment using cryosections before fixation in formalin was excluded.
TMA. A TMA was constructed as previously described: slides were scanned, digitally annotated and punched using the TMA Grand Master (3DHISTECH, Budapest, Hungary) (19) . Whenever possible, 4 cores each (diameter, 0.6 mm) derived from the: i) tumour centre; ii) infiltration edge; and iii) distant non-neoplastic tissue from each tumour were included.
Immunohistochemistry. The TMA blocks were sectioned at 3 µm, and stained using an automated immunostainer Leica Bond III system (Leica Biosystems, Newcastle, uk ; Dako, Gloustrup, Denmark), 1:50, Tris-EDTA buffer pH 9 at 95̊C, 30 min. All secondary antibodies, the chromogen (3,3'-diaminobenzidine) and the hematoxylin counter-stain were included in the visualization system, Bond Polymer Refine Detection (Leica Biosystems).
For scoring of immunohistochemical markers, we assessed the staining intensity ranging from 1 (negative or traces); 2 (weak); 3 (medium) to 4 (strong) for EGFR; and ranging from 1 (negative or traces), 2 (weak) to 3 (strong) for HSP90, according to published scoring systems for both EGFR (20) and HSP90 (21) on glioma cells (Fig. 1 ). The percentage of stained cells was determined as follows: 1, ≤10%; 2, 11-50%; and 3, ≥50%. The expression was assessed for every TMA core separately and the mean across all cores was calculated to determine the final expression intensity (EI) and an expression score (ES). ES was defined as the product of EI and the percentages of positive cells.
IDH sequencing and assessment of MGMT promoter methylation. DNA was extracted from tissue sections containing at least 70% tumour cells using the Qiagen EZ1 tissue kit (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer's instructions. The mutational status of the IDH1 and IDH2 genes was assessed by pyrosequencing as previously described (22, 23) . MGMT promoter methylation was determined using a primer extension-based quantitative assay as already reported (24) .
Statistical analysis. Descriptive and comparative statistical analyses were performed using IBM SPSS Statistics 23 (IBM Corp., Armonk, NY, uSA). We applied Spearman's Rho test for correlation analysis, and evaluated associations between staining patterns and categorical parameters using simple cross tabs (χ 2 -test or Fisher's exact test). For binded samples, we used the Wilcoxon test. Survival analysis was performed by log-rank test (univariate) and Cox regression analysis (multivariate). The significance level was set at P<0.05.
Results
Patient cohort. In total, 449 patients with GBM were initially identified, with a male to female ratio of 271 (60.4%) and 178 (39.6%), and a median age at surgery of 61 years (range 21-88).
The TMA sub-collective comprised of 237 patients, 136 (57.4%) men and 101 (42.6%) women. Age at the time of surgery ranged from 24-85 years (median 59 years) (Table Ⅰ) , comparable to the initial cohort (data not shown). using immunohistochemistry, 23/237 tumours (9.7%) exhibited evidence of R132H-IDH1 mutations. Sequencing of IDH1 and IDH2 was performed on all 28 IHC-negative tumours from patients younger than 54 years of age at diagnosis, as recommended by the WHO 2016, but revealed no additional IDH-mutant tumours (1). Finally, 214/237 (90.3%) cases were GBM, IDH-wildtype. The study cohorts are juxtaposed in Table I. MGMT methylation data was available in 106 cases of the TMA cohort.
Survival data were available for 102 patients of the TMA cohort, among them 96 GBM, IDH-wildtype. For these patients, additional information concerning post-operative treatment was extracted from the database: 88 patients (85.4%) received postoperative combined radiation and chemotherapy (temozolomide), followed by bevacizumab in 44 patients. Seven patients (6.8%) received radiation or chemotherapy only (3 only radiotherapy, 4 only chemotherapy), and 8 patients (7.8%) did not receive any type of treatment.
Expression of EGFR and HSP90. The expression of EGFR and HSP90 was determined in the tumour centre in all 237 cases. Additionally, the infiltration zone was available for analysis in 161 cases and brain tissue distant from the tumour in 167 cases. In 33 cases, tumour tissue of recurrent disease was available, including the infiltration zone in 25 cases and brain tissue distant from the recurrent tumour in 18 cases. The expression levels evaluated as aforementioned ranged from 0-4 for EGFR EI and from 1-12 for EGFR ES (Fig. 1) . For HSP90, EI was observed from 0-3, and ES ranged from 1-9. Overall, there was a statistically significant positive correlation between EGFR expression and HSP90 expression (EI, r=0.275, P<0.001; ES, r=0.333, P<0.001) (data not shown).
Differences of EGFR and HSP90 expression within tumour regions.
The expression of EGFR (EI and ES) was significantly higher in the tumour centre, compared to the infiltration zone (P=0.002; P<0.001) or distant brain tissue (P<0.001 each), and higher in the infiltration zone compared to distant brain tissue (P<0.001 each; Fig. 2 ). Similar results were obtained for the recurrent tumours (data not shown). For HSP90 the patterns were comparable, with higher levels (EI and ES) in the tumour centre compared to the infiltration zone (in trend, but failing to meet statistical significance for EI, P= 0.156; ES, P=0.007) and distant brain tissue (P<0.001 each), and higher levels in the infiltration zone compared to distant brain tissue (P<0.001 each; Fig. 2) . Similarly, in recurrent tumours, higher HSP90 levels were detected in the tumour, however with no differences between the centre and the infiltration zone (data not shown).
Differences between the primary tumour and recurrence. EGFR (ES) in the primary tumours were only in trend higher than in recurrent tumours (P=0.05, data not shown), but this was not observed for EI (P=0.523, data not shown). For HSP90 there was no difference between the primary and recurrent tumours (EI, P=0.485; ES, P=0.338).
Association of EGFR and HSP90 expression with clinicopathological parameters.
IDH-wildtype GBM showed higher expression of EGFR than IDH-mutant GBM (EI, P=0.001; ES P=0.005), but lower levels of HSP90 (EI P=0.003; ES P=0.494). No significant association was found for EGFR or HSP90 expression and age (cut-off, median), sex or MGMT status.
Survival analysis was performed on the TMA cohort, where survival data were available for 102 patients, among them 96 GBM, IDH-wildtype. Presence of IDH1 mutation (P<0.001) and younger age (P=0.026) were associated with a significantly better prognosis, without sex predilection (P=0.307). Lack of any MGMT-methylation was associated with worse outcome (P=0.003). Patients with combined postoperative radiation, temozolomide and bevacizumab treatment showed a better outcome, followed by radiation and chemotherapy, in contrast to radiation or chemotherapy only and no treatment (P<0.001).
For the determination of a potential prognostic impact of EGFR or HSP90 expression the median expression levels (EI and ES) in the tumour centre were used as cut-off for the discrimination into high and low expression (EGFR: EI, ≤3.25=low, >3.25=high; ES, ≤9=low, >9=high; HSP90: EI, ≤2=low, >2=high; ES, ≤3.25=low, >3.25=high). Low expression of EGFR (ES) was noted in 134/237 GBM (56.5%), low expression of HSP90 (ES) in 122/237 (51.5%). In the whole cohort, there was no association between EGFR or HSP90 and patient outcome in univariate analysis.
In IDH-wildtype GBM, low expression of EGFR (ES) was noted in 116/214 GBM (54.2%), and low expression of HSP90 (ES) in 109/214 (50.9%). High expression of EGFR (ES) was in trend associated with longer survival in univariate analysis but failed to meet statistical significance (P=0.061, Fig. 3A ; not significant for EI, P=0.640). HSP90 expression alone was not prognostic (EI, P=0.614; ES, P=0.745, Fig. 3B ). However, a combination of EGFR and HSP90 expression strongly discriminated between different prognostic groups, with EGFR low /HSP90 low tumours (n=66) showing the worst prognosis in contrast to EGFR high /HSP90 high tumours (n=55) or mixed tumours (n=93, P=0.001; Table I , Fig. 3C and D) . In a multivariate model including the other relevant prognostic factors, age, MGMT status, and postoperative treatment, data on which were available as complete dataset for 76 patients, EGFR low /HSP90 low vs. EGFR high /HSP90 high /mixed was an independent prognostic factor [n=76; hazard ratio (HR)=0.571; P=0.048, Table II ]. This discrimination was not detectable for EI (univariate analysis; P=1.00).
Regarding the particular subgroup of HSP90 low GBM, IDH-wildtype, EGFR expression (ES) served as a prognostic factor (Fig. 3C) , with a shorter survival of patients with low EGFR expression in univariate analysis (P=0.003), and reached almost statistical significance in a multivariate model encompassing age, MGMT status and postoperative therapy [n=47; HR=0.465; 95% confidence interval (CI) 0.201-1.077; P=0.074]. A prognostic value of EGFR was not apparent in the subgroup of HSP90 high tumours (univariate analysis, P=0.617).
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Discussion
We report a retrospective, single-institution study on EGFR and HSP90 expression in GBM, IDH-wildtype. Despite a strong biological rationale, to the best of our knowledge this marker combination has not been investigated before in GBM.
We revealed in the present study a positive correlation between the expression of both markers, and an independent prognostic value of EGFR and HSP90 co-expression, with worse prognosis in EGFR low /HSP90 low tumours, apparent only in the GBM IDH-wildtype sub-cohort.
The rate of IDH-mutated tumours in our total case collection is comparable with published data (1, 25) . From the total cohort of consecutive GBM operated/biopsied between 2000-2012 (n=449), tissue availability allowed further ana lysis in 237 patients, and 90.3% (n=214) were IDH-wildtype. Survival data, which were available for 102 patients operated after 2007, after introduction of temozolomide in standard treatment protocols, showed that younger age, IDH1-mutations, MGMT methylation and combined radiation and chemotherapy (temozolomide) were associated with longer survival. This is also in line with previous studies, clearly separating the IDH-wildtype and IDH-mutated subgroups (9, (25) (26) (27) .
EGFR overexpression and amplification strongly correlate in GBM (28), but their prognostic value is still unclear (9, (29) (30) (31) (32) (33) . Reasons for the heterogeneous results may be a lack of patient selection according to e.g. IDH-status or treatment. The degree of EGFR-amplification may also play a role, as depicted in a large cohort of 532 GBM (unknown IDH-status). Temozolomide-treated patients with tumours with highly-amplified and non-amplified EGFR had a longer median survival than those with low/moderate-amplified EGFR (34) . We concentrated in the present study on IDH-wildtype GBM, as they are known to often harbour alterations in the EGFR gene. Accordingly, we found an overall higher EGFR expression in IDH-wildtype than the IDH-mutant tumours.
The prognostic value of EGFR expression was demonstrated very recently by Delancre et al (35) , who extensively characterized 59 GBM using immunohistochemistry and targeted next generation sequencing (Ampliseq Cancer Hotspot Panel, Ion Torrent) for assessment of mutations (50 genes) and copy number variations (25 genes). Apart from a predictive value of PTEN, they found high EGFR expression to be associated with longer survival in the IDH-wildtype cohort (oral presentation, 7th Belgian Week of Pathology, 2016). We revealed only a statistical trend for the correlation of EGFR expression with better outcome. In our significantly larger cohort, low co-expression of EGFR and its chaperone HSP90 selected patients with worse prognosis, and was independently significant in multivariate models, highlighting the EGFR-HSP90 interaction.
The prognostic value of HSP90 expression is not universal, but depends from the individual tumour entity analysed (36) . Only very few studies have assessed HSP90 expression in GBM. Siegelin et al reported a higher expression in tumour tissue compared to adjacent brain tissue (21). Hermisson et al found no correlation between HSP90 expression and progression-free survival in a cohort of 24 IDH-unselected GBM patients (37) . We corroborated both results.
EGFR and various downstream molecules are client-proteins of HSP90, providing a rationale for co-expression studies. We revealed that low co-expression was associated with worse prognosis in IDH-wildtype GBM. Though unexpected, this result suggests a variable reliance on the signalling pathway by non-mutated EGFR. Notably, the expression of EGFR stratified most pronounced among HSP90 low tumours, whereas the EGFR high phenotype was associated with longer survival. Even though this result was not independent in multivariate analysis, presumably due to the low number of cases, this points towards a co-regulatory role of HSP90 with EGFR.
HSP90 has emerged as a potential target for anticancer treatment (13) . In GBM, HSP90 inhibitors have shown anti-tumoural activity in vitro and in xenograft experiments, as recently summarized (15) . In the clinical setting, HSP90 inhibitors may have potential as additive compounds enhancing response to radiotherapy or EGFR-targeted approaches (12, 14, 15) .
The results of the present study may serve as a rationale for targeting HSP90 in highly aggressive GBM, IDH-wildtype. However, further studies are needed to elucidate the biological background behind our results.
